In this paper, we developed a versatile ionic field effect transistor (IFET) which has an ambipolar function for manipulating molecules regardless of their polarity and can be operated at wide range of electrolytic concentrations (10 -5 M~1M). The IFET has circular nanochannels radially covered by gate electrodes, called "all-around-gate", with an aluminum oxide (Al 2 O 3 ) of a near-zero surface charged oxide layer. Experimental and numerical validations were conducted for characterizing the IFET. We found that the versatility is originated from the zero-charge density of oxide layer and all-around-gate structure which increase the efficiency of gate effect 5 times higher than a previously 1M electrolyte which resembles a backflow of a shale gas extraction process. Furthermore, while traditional IFETs can manipulate either positively or negatively charged species depending on the inherently large surface charge of oxide layer, the presenting device and mechanism provide effective means to control the motion of both negatively and positively charged molecules which is important in biomolecule transport through nanochannels, medical diagnosis system and point-of-care system, etc.
INTRODUCTION
Recent advances in nano-fabrication methods enable to fabricate rigorous and definite nanosized structure for various scientific and engineering applications. Nanostructure possesses unique scientific and technological properties that microstructure cannot exhibit. Especially, as decreasing the size of nanostructure below 100nm, the structure had a perm-selectivity which let only counter-ions can pass through below a critical electrolyte concentration. The perm-selectivity was reported to be depending on the magnitude and polarity of surface charge density and bulk electrolyte concentration. Thus, the active control of the surface charge density at wide range of electrolyte concentration has been drawn significant attentions in both scientific and engineering field [1] [2] [3] [4] [5] [6] for manipulating the motion of charged species and this has become one of the important fields in nanofluidics research. The emerging application fields of nanofluidc system were energy harvesting 1, 2 , biosensors 3, 4 , backflow from shale gas extraction port 5 or desalinations of seawater 6 which enable to create a huge market that never have existed. Those applications were fundamentally originated from controlling the motion of charged species passing through a nanostructure and, therefore, the cost-effective/on-demand/sensitive control has become the most important practical issue of nanofluidic researches.
Various passive types of modulating the motion of a charged species in nanofluidic system were reported such as changing the viscosity of solution in the nanochannel 7 , utilizing mechanical friction between DNA and nanopore 8 , coating an adhesive material on nanochannel 9 and surface treatment for changing the surface potential 10, 11 . Those platforms employed passive methods which were unable to change the behavior of charged species ondemand, once the devices were fabricated. In contrast, ionic field effect transistor (IFET) can provide an active method which enables to enhance, diminish or even reverse the behavior of charged species in situ by introducing gate potential. However, traditional IFETs can manipulate either positively or negatively charged species depending on the inherently large surface charge of oxide layer and they demanded either high gate voltage or low electrolyte concentration for changing surface charge density [11] [12] [13] [14] [15] [16] . Traditional fabrication method of IFET was principally made by SiO 2 11-13, 15, 16 and nanoporous membrane 14, 17, 18 . While they had easy-fabrication and relatively high uniformity, these materials had high surface charge density which led to a unipolar behavior [11] [12] [13] [14] [15] [16] . The reason why the unipolar behavior occurs is that induced surface potential by gate voltage cannot overcome a polarity of inherent surface potential. Due to this characteristic, a traditional IFET can only control the same polarity of charged species with the surface charge of nanochannel. In addition, a planar gate structure in which a gate electrode installed only one wall of nanochannel can modulate the surface charge density at the wall and thus, the efficiency of applying gate voltage would become lower than all-around-gate structure which had a gate electrode at entire surface of nanochannels. Therefore, as previously suggested as "an ideal structure for field effect reconfigurable nanofluidic diodes would be dual split-gates with a gate-all-around structure and a sub-10 nm nanochannels of a neutral surface" 16, 19 , we have developed a novel design of all-around-gate structure, with 7.5 nm radius nanochannels and minimal surface charge density using Al 2 O 3 , which has the surface charge density of -1.5 mC/m 2 , in this work. Firstly, all-around-gate structure was adapted to increase the efficiency of gate effect at least more than 5 times compared to planar-gate structure. This high efficiency led to obtain an ionic field effect at high electrolyte concentration up to 1 M. Secondly, we deposited Al 2 O 3 which have low surface charge density for enabling a polarity independent control. As a result, our device showed an ambipolar behavior at I D -V G measurement. The experimental ambipolar effects were validated by numerical simulation with a fringing field effect and a counter-ion condensation which had not been considered as major factors. The experimental and numerical results were in line with our logical procedures and well-matched.
MATERIALS AND METHODS
While the presenting all-around-gated IFET device was fabricated based on a previously reported method 20, 21 , advanced features such as transparency was upgraded in this work and its fabrication process was summarized in Figure 1 (a). Detailed description can be found in supporting information. We measured the ionic current (I D ) for different gate voltage (V G )
with KCl buffer solution at pH 7 in the concentration range from 10 -5 M to 1 M. The fluidic chambers were covered with PDMS and Ag/AgCl electrodes were connected on both sides of the chambers. In order to infiltrate water into the thin nanochannel, oxygen plasma was treated for enhancing hydrophilicity 19 and ethanol was filled first and then it was replaced by water for ensuring the wetting. We measured the electric data using the parameter analyzer The measurements without the application of gate voltage were repeated until the results were reproduced. For a high concentration case such as 10 -1 M and 1 M, serious precipitation occurred inside the microchannels. To prevent it, we added refresh step at each change of gate voltage. Leakage current (a current from source to gate) was simultaneously measured for confirming the proper operation.
NUMERICAL SCHEME

Domain definition
The numerical domain to describe the ion transport through the IFET was depicted in Figure   2 . To reduce computational cost, we simulated for single channel and then, multiply the number of fabricated nanochannels and each numerical quantity to compare with the experimental results. Cylindrical coordinate was adopted for circular cross-sectional nanochannel. The gate electrode and the oxide layer were omitted in our numerical domain, , so that the number of degree of freedom could be reduced remarkably. The detailed Poisson-Nernst-PlanckStokes formulation and proper boundary conditions were shown in supporting information.
General description for metal-oxide-electrolyte (MOE) system
In usual MOE system, the surface charge density is obtained from simple algebraic equations independent from governing equations. In various literatures [23] [24] [25] [26] , the MOE system was approximated to series capacitors by equivalent electrokinetic circuit models. Using those models, zeta potential and surface charge density modulated by gate voltage can be analyzed by solving simple algebraic equations. However, those equations are only valid in the planar-type MOE system. Therefore, those models should be reformulated to be applicable to the cylindrical MOE system which is our system. When the Stern layer and the chemistry of oxide/electrolyte interface are neglected 25, 27 , the charging behavior of the MOE system can be described by the following set of 1D ordinary differential equations based on Gouy-Chapmann theory in case of symmetric electrolyte.
and
In the above, φ is the electric potential in electrolyte, Φ is the electric potential in oxide layer, c 0 is the bulk concentration, F is the Faraday constant, ε f is the electrical permittivity of the electrolyte, R f is the radius of the nanofluidic channel, d ox is the oxide layer thickness, and Z is ion valence. Equation (1) is the Poisson-Boltzmann equation expressed as cylindrical form to describe the potential distribution inside nanochannel and equation (2) is the Laplace equation describing the potential distribution within oxide layer. Because we neglect the Stern layer, zeta potential is approximately equal to surface potential, ζ=φ| Rf , directly given by gate voltage, V G . Thus, the modulated zeta potential corresponding to V G can be obtained by solving equations (1) and (2) with following boundary conditions.
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where ε ox is the electrical permittivity of the oxide layer and σ 0 is the inherent surface charge density on oxide/electrolyte interface which is near-zero value in our ambipolar IFET system, while the typical value of σ 0 is high enough to have unipolar electrical response 12, 13 . Equation (3) is the condition for axis of symmetry, equations (4) and (5) describe oxide/electrolyte interface, and equation (6) is the voltage condition by gate electrode. Equation (5) 
Fringing field effect
Despite of difference in structure, the zeta potential modulation of partially-gated IFET could be similar to that of fully-gated IFET in physical intuition. Define 'gated region' as a region of gate electrode and 'non-gated region' as a region of absence of that. Gated and nongated regions correspond to 'A' and 'B' denoted in Figure 2 (a), respectively. Typically, when
voltage is applied to the gate electrode, the electric field is sought to be generated only inside the oxide layer of gated region and the electric field abruptly drops to zero in that of nongated region. However, this is impossible because of the conservative nature of the electric
. To satisfy the conservation, the electric field should curve and extend
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Nanoscale Accepted Manuscript outward into non-gated region which is called fringing field effect or edge effect. Due to this fringing field, the zeta potential on oxide/electrolyte interface of non-gated region can be modulated as similar as gated region. The impact of fringing field was researched by Lin et al 29 using carbon nanotube FET (CNFET) where fringing field affected gating phenomena significantly. To solve fringing field directly, it requires high-cost computation. Numerical domain must be discretized into nearly zero sized elements in the vicinity of the each gate end, so that the number of degree of freedom diverges. To avoid this, we assumed that the distribution of the modulated zeta potential along the nanochannel wall followed the Gaussian distribution expressed as
where A is an arbitrary constant, σ is the standard deviation, and µ is the mean value of the arbitrary function f(x), respectively. Using equation (7), the modulated zeta potential along the channel walls was set to be (
In above expressions, ζ gate is the modulated zeta potential on oxide/electrolyte interface by gate electrode which is calculated from equations (1) ~ (6). α 2 is defined as α
in which L channel is the length of the nanochannel, L gate is the length of the gated region and β=ζ gate /ζ min is ratio of modulated zeta potential and its minimum zeta potential at the end of nanochannel wall. Since β is a phenomenological parameter, one can choose it in the range of 1 to ∞. For example of the limiting cases, β is equal to 1, corresponding to fullygated system and β goes to infinity, diminishing the fringing field effect. We postulated that β was proportional to the electrical conductivity of the electrolyte solution and its values were summarized in SI Table 2 .
Counter-ion condensation
Surface charge density, σ s in SI . Under the conditions such as high zeta potential or high electrolyte concentration, one should consider the ion-ion interactions so that surface charge over-screening and ion crowding are arose in the vicinity of the solid/electrolyte interfaces. To elucidate those non-linear effects, additional compact layer consist of counterions has been proposed 30, 32 . In those literatures, counter-ions in the vicinity of the highly charged surface are condensed in narrow layer, and then new compact layer is formed beyond the Stern layer. Consequently, the impact of highly charged surface to the electric double layer structure is reduced by condensed counter-ions. To obtain charge-potential relation in Table 1 . Due to highly confined nanostructure (radius in the order of 10 nm), ion-ion correlation were expected to be strong. To capture the strong correlation, the effective diameter of an ion, a, was fixed to be 7.5 nm 30 , so that ν was proportional to the bulk electrolyte concentration from equation (9) of which values were summarized in SI Table 2 .
Ionic current
To obtain theoretical I-V characteristics of IFET, local ionic current density, i, is defined by
and then total ionic current through IFET system ‫)ܫ(‬ can be calculated by
where N ch is the number of nanochannel, S is arbitrary cross section of the system, and n is 
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RESULTS AND DISCUSSION
Ionic conductance at floating gate
Ionic transport in nanofluidic system has the unique property of surface-charge-governed regime demonstrated by D. Stein et al. 10 In a dilute limit, ionic conductance is independent from the bulk properties of the system such as the electrolyte concentration or the geometrical factor, so that the conductance curve saturates below a specific concentration value which is determined by surface charge density and called 'surface-charge-governed conductance'.
Because the plateau of conductance curve is only revealed in nanochannel system, this property has been utilized to demonstrate the validity of the device in the view point of nanofluidic application. Beyond the specific concentration value, the conductance is proportional to the bulk concentration, called geometry-governed regime. These two distinct regimes can be plotted (ionic conductance as a function of bulk concentrations) simultaneously as shown in Figure 3 . In a cylindrical nanochannel, the analytical expression σ µ µ µ π (13) where d nano is the diameter of a nanochannel, L nano is the length of a nanochannel, and µ co and µ counter is the electrophoretic mobility of co-and counter-ion, respectively. The first term in equation (14) represents the bulk conductance and the second term represents the surfacecharge-governed conductance. Using equation (13) and circuit theory, the total conductance of our IFET at floating gate, G total , was calculated from G total =80×(G gated ×G nongated )/(2G gated +G non-gated ) in which G gated and G non-gated are the ionic conductance of gated and non-gated region, respectively. We used values of µ co =7.853×10 concentration range, we concluded that our device was intact because surface-chargegoverned conductance as the unique property of nanofluidic system was observed.
Ionic current with gate voltage
The sub-10nm channel size and 2) near-zero surface charge. The operation even at high electrolyte concentration would be beneficial from sub-10nm channel size since thinner geometry retains stronger perm-selectivity 6, 10 . The presenting high efficiency of gate modulation would be helped by the near-zero surface charge since the small change of gate voltage can be relatively large in the case of an extremely low surface charge 13, 14 . In order to
show the robustness of the system, we simultaneously measured the leakage current from source to gate. SI Figure 3 showed that the leakage currents were below 4 pA and independent from the bulk concentrations, leading to a judgment that the leakage current would not effect on the ionic currents.
Electrokinetics of the ambipolar IFET
Because the IFET system involves a fluid with electricity, an analysis of electrokinetic fields such as electrostatic potential (ψ), averaged concentration distribution (c m ≡(c K +c Cl )/2) and flow field (u) should be required for the characterization of the system. As we described in the numerical scheme section, those fields can be obtained by solving the coupled governing equations with the consideration of a fringing field effect and a counter-ion Especially, since the gated regions of nanochannels were transparent in our system, one can measure the speed in situ. Averaged concentration distributions were shown in Figure 6 in which each section (divided by breaks) denoted nanochannel regions in range of -8.1 um < z < -8 um, -5.07 um < z < -4.97 um, 4.97 um < z < 5.07 um, and 8 um < z < 8.1 um, respectively. As mentioned earlier, the depletion zone of the charge carrier was formed around z = 8 um at V G = -2 V depicted as white region in Figure 6 (a), and vice versa ( Figure   6 (c) of V G = +2 V). Because the nanochannel became zero polarity at V G = 0.2964 V, the electric double layer cannot be built up and concentration distributions should be uniform as shown in Figure 6 (b). The flow fields depicted in Figure 7 (a) and (c) demonstrated that vortical flows were generated adjacent the gated regions which were similar to the nanoporous membrane system [35] [36] [37] [38] . As one can predict from the concentration distribution ( Figure 6 ), a strong vortex (thick arrows) was formed at the depletion zone, while a weak vortical motion (thin arrows) was observed at the other side. This was because the lower concentration led to higher electric field ( Figure 5 ) and strong electrokinetic flows. In Figure 7 Nevertheless, the measured I D -V G characteristics plotted in Figure 8 were ambipolar.
Consequently, more constraints in theoretical considerations would be needed to describe the ion transport at extremely high concentration
The effects of fringing field and counter-ion condensation
We had adopted two additional constraints which were a fringing field effect and a counterion condensation to describe the ionic transportation through the partially gated IFET. IFET. The fringing fields which were generated in non-gated region to satisfy 0 E = × ∇ could modulate the whole nanochannel and hence the polarity of the entire nanochannel became positive or negative depending on the gate voltage, while the gate voltage was applied only near the center of nanochannel. Additionally, the condensed layer formed by counter-ion in the vicinity of the highly charged oxide/electrolyte interfaces let overmodulated surface charge drop down, so that the non-negligible numerical error at larger gate voltages was resolved. Therefore, fringing field effect and counter-ion condensation were essential constraints in IFET analysis.
Sensitive polarity inversion
The presenting IFET had lower threshold voltage to inverse the polarity of the nanochannel than previously reported IFETs 13, 16 . We defined the threshold voltage V th as required gate voltage to regulate the zero-polarity of the nanochannel. When gate voltage was higher than 
Equation (14) presented that IFET with higher oxide capacitance and lower inherent surface charge density had lower threshold voltage, leading to a sensitive polarity inversion. Since Al 2 O 3 used in this work had near-zero surface charge density (-1.5 mC/m 2 ) and capacitance of all-around-gate structure (5.06 mF/m 2 ) was 5 times higher than planar-gate structure, the threshold voltages of our device were calculated to be 0.2964 V from equation (14) regardless of their polarity which is important in a biomedical analysis such as biomolecule transport through nanochannels, medical diagnosis system, and point-of-care system, etc.
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